Abstract
Searching for exotic transport properties in new topological state of matter is an active topic. One of the most fascinating achievements is the chiral anomaly in recently discovered Weyl semimetals (WSMs), which is manifested as a negative longitudinal magnetoresistance (LMR) in the presence of a magnetic field B parallel to an electric field E. Another predicted key effect closely related to the chiral anomaly is the planar Hall effect (PHE), which has not been identified in WSMs so far. Here we carried out the planar Hall measurements on Cd 3 As 2 nanoplates, and found that, accompanied by the large negative LMR, a PHE with non-zero transverse voltage can be developed while tilting the in-plane magnetic field away from the electric field
. Further experiments reveal that both the PHE and the negative LMR can be suppressed synchronously by increasing the temperature, but still visible at room temperature, indicating the same origin of these two effects. The observation of PHE in Cd 3 As 2 nanoplates gives another key transport evidence for the chiral anomaly, which may provide us with deep insight into the chiral charge pumping in Weyl
Fermions system.
Weyl semimetal (WSM) is a new realization of topological state of matter, whose emergence has inspired intense interest in condensed matter physics, due to its exotic transport phenomena. One of the most exciting transport properties in WSMs is the chiral anomaly [1, 2] , which refers to the non-conservation of chiral charges in the presence of a magnetic field parallel to an electric field ( • ≠ 0) and is usually manifested as a large negative longitudinal magnetoresistance (LMR) [3] [4] [5] [6] [7] . If the in-plane magnetic field is not strictly parallel or perpendicular to the electric field
, a large non-zero transverse voltage can be developed, leading to a secondary effect closely related to the chiral magnetic effect-Planar Hall effect (PHE) [8, 9] . Theoretically, the PHE in non-magnetic WSMs can be strictly retrospected to the chiral magnetic effect, which provides another key transport signature of chiral anomaly in WSMs.
Previously, the negative LMR was usually labeled as the transport signature of chiral magnetic effect and has been observed in Dirac semimetals Na 3 Bi [10] , Cd 3 As 2 [11, 12] , ZrTe 5 [13] [14] [15] , GdPtBi [16] and Weyl semimetal TaAs family [17] [18] [19] . While recent studies indicated that the negative LMR can also be induced by the axial anomaly due to neutral and ionic impurities, inhomogeneous current distribution (or the "current jetting" effect) as well as conductivity fluctuations [20] [21] [22] [23] . Thus, the negative LMR itself becomes an ambiguous transport evidence for the chiral anomaly.
A "smoking gun" signature of chiral anomaly should be the combination of both the angular-dependent negative LMR and the PHE [8] . Unfortunately, the PHE in Dirac/Weyl semimetals has not been observed yet.
In this letter, we report the observation of PHE in Dirac semimetal Cd 3 As 2 nanoplates. These nanoplates exhibit large negative LMR in ∥ configuration in low temperature region. Tilting the in-plane magnetic field away from the electric field , a large transverse voltage is detected. After subtracting the magnetoresistance components originating from the experimental misalignments, the obtained planar transverse magnetoresistance (TMR) displays a ~cos sin dependence, which is consistent with the PHE. Further study demonstrates that both the negative LMR and the PHE can be suppressed synchronously by increasing the temperature T, but they are still visible at room temperature ( = 300 K). The field-dependent amplitudes of the PHE and its correlation to the scattering time are also discussed. an isotropic Fermi surface, this anisotropy of !! can be generally attributed to the chiral magnetic effect. Theoretically, the planar LMR !! should exhibit a ~cos ! dependence [8] , this is qualitatively consistent with our observation in Fig. 1 
(c).
While experimentally, the magnetic field B cannot exactly locate in the sample plane (with the misalignment ≤ 1°) during the in-plane rotation. What's more, this out-of-plane component of field B is usually -dependent [24] :
leading to an ordinary orbital magnetoresistance component ∆ !! ! which also exhibits a ~cos ! tendency. Moreover, this ordinary orbital magnetoresistance component ∆ !! ! could be considerably large comparing to the intrinsic planar LMR, even for a small misalignment ( ≤ 1°), due to the extremely large orbital magnetoresistance in topological semimetals. Thus the intrinsic planar LMR !! would be contaminated by ∆ !! ! , leading to an experimentally undistinguishable planar LMR. In the following, we will mainly discuss the planar TMR !" , which provides another transport signature of the chiral anomaly in WSMs. !" versus with = ± 14 T, at = 2 K and 250 K, respectively. Theoretically, the PHE can be expressed as [8] :
where ∆ = ! − ∥ is the resistivity anisotropy induced by chiral anomaly and should be positive, ! and ∥ can be regarded as the resistivity corresponding to the current flowing perpendicular and parallel to the direction of magnetic field, respectively. At = 2 K , the ordinary Hall resistance component induced by ! would be considerably large, due to the extremely large Hall resistance (or the ultra-low carrier density) in our Cd 3 As 2 nanoplates, and will largely overwhelm the intrinsic signals of PHE, making the PHE invisible, as we can see in Fig. 1(d) .
However, as T increases the ordinary Hall resistance component can be significantly suppressed, making the PHE visible on !" at high temperature. This can be seen in Fig. 1(d) where the extra kinks near = 45° and 135° on the planar TMR !" can be easily identified at = 250 K, which originates from the intrinsic PHE in Cd 3 As 2 nanoplates. Since the PHE is not generated by the conventional Lorentz force, the planar TMR !" does not satisfy the anti-symmetry property, that is to say !" ≠ − !" . On the other hand, the ordinary Hall resistance induced by ! is anti-symmetric with respect to B, thus the first kind of misalignment can in principle be subtracted by symmetrizing the planar TMR via the equation
Now we symmetrize the planar TMR !" at = 2 K to subtract the first type of misalignment. Fig. 2(a) shows the symmetrized magnetoresistance !" !"# (blue squares) versus at a fixed field = 14 T. It is clearly found that the !" !"# does not display a −sin cos tendency exactly, as described in equation (2) . This is due to the second type of misalignment, the Hall bar misalignment during the nanofabrication, which leads to a small planar LMR component ∆ !! ∥ coupled to the !" !"# . As we have discussed above, the planar LMR exhibits a cos ! tendency, thus the small planar LMR component ∆ !! ∥ can be subtracted by fitting the !"
!"# using the following formula:
Where !" !"# = − sin cos , ∆ !! ∥ = cos ! + . The parameter a and b are the amplitudes of PHE and ∆ !! ∥ , respectively. The constant c can be determined by the zero-field TMR, !" ( = 0 T), which is about −10 Ω, as shown in inset of Fig. 2(a) .
Indeed, the equation (4) can fit well with !" !"# , as we can see the red curve in Fig.   2 (a). After subtracting the planar LMR component ∆ !! ∥ , we finally get the intrinsic PHE shown in Fig. 2(b) .
Such a large intrinsic PHE in Dirac/Weyl semimetals has not been identified thus far. Previously, PHE was only observed in ferromagnetic materials and was usually explained by the in-plane ferromagnetic order combined with spin-orbit couplings [25, 26] . The large PHE observed here in non-magnetic Dirac semimetal Cd 3 As 2 nanoplates is related to the nontrivial Berry curvatures that couple the external magnetic field B to the collinear electric field E, leading to the chiral charge imbalance. That is to say, PHE strictly originates from the chiral anomaly，which can provide another key transport signature of chiral magnetic effect.
Since the PHE can be strictly retrospected to the chiral anomaly, the PHE should exhibit a similar temperature-dependence as the negative LMR. That is, they should be suppressed synchronously as increasing the T. This can be testified by tracking both the PHE and the negative LMR under various temperatures, as shown in Fig. 3(a) and 3(b). Fig. 3(a) shows the temperature-dependent PHE ( !" !"# ) at a fixed field = 14 T. For < 250 K, the amplitudes of !" !"# does not exhibit any attenuation as T increased, while for ≥ 250 K , it decreases sharply. Similar tendency can also be found for the negative LMR in Fig. 3(b) . As we can see, the negative LMR keeps unchanged below 250 K, but it is suppressed dramatically while increasing T above 250 K. Such a synchronous behavior of both the PHE and the negative LMR with respect to T reveals the same underlying physical origin of both effects: the chiral anomaly induced by the collinear magnetic field and electric field. It is worth noting that, both the PHE and the negative LMR persist up to = 300 K, indicating that both effects are robust against thermal fluctuation.
For a deep insight into the observed PHE in Cd 3 As 2 nanoplates, we now discuss the field-dependent amplitudes of !" !"# . We have tracked the !" !"# under different magnetic field at = 2 K and 100 K, as shown in Fig. 4 (a) and 4(b), respectively.
The amplitudes of PHE versus B are shown in Fig. 4(c) . As discussed above, the amplitudes of PHE below 100 K are nearly unchanged, this is consistent with the observed negative LMR in Fig. 3(b) , where the chiral magnetic effect is not sensitive to the temperature below 100 K. Fitting the amplitudes of PHE to a ! -type function generates a parameter ≈ 2.0 for both = 2 K and 100 K. According to the equation (2), as systemically discussed in Ref. 8 , the amplitudes of PHE are determined by the resistivity anisotropy induced by the chiral anomaly. For the weak magnetic field limit, !" !"# has the following relationship [8] ,
Where ! = Γ is the field-related length scale with D the diffusion coefficient and Γ the transport coefficient. ! = ! is the chiral charge diffusion length with ! the scattering time of chiral charges. While for strong field limit ( ! ≪ ! ) or under the quantum limit (only the lowest Landau level is occupied), the amplitudes of PHE are sample size dependent and tend to be saturated. It seems that the observed PHE satisfies the weak magnetic field limit (or ! ≫ ! ), which exhibits a ! tendency. However, it is noted that, the SdH oscillation frequency in Fig. 1(b) is about 10 T. That is to say, the Fermi level can be driven into quantum limit above 10 T, which is actually beyond the weak field limit while above 10 T. The ! -dependence of the amplitudes of the PHE suggests that the scattering time ! is probably small in our nanoplates, leading to the criteria of weak field limit ( ! ≫ ! ). This assignment is also supported by the fact that the observed negative LMR does not exhibit a sharp decreasing in low field region and also the negative LMR does not saturate even with B up to 14 T, which indicates a small scattering time ! . We believe that the small scattering time ! is probably due to the relative high Fermi level and large carrier density in our Cd 3 As 2 nanoplates [4] [5] 12] .
To summarize, we studied the planar Hall effect in Dirac semimetal Cd 3 X Axis Title
